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Proteolytic processing of Ci requires phosphoryla-
tion by the kinases Sgg/GSK3 and CK1. The newly
identified phosphorylation sites form clusters with
previously described PKA sites in which phosphory-
lation by PKA acts to prime subsequent phosphory-
lation by Sgg/GSK3 and CK1.
The Hedgehog (Hh) signal transduction pathway plays
a central role in many developmental processes
including the patterning of the neural tube and limbs
of vertebrates [1]. Much of our understanding of this
pathway comes from studies using Drosophila. In
Drosophila, the primary target of Hh signal transduc-
tion is the zinc finger transcription factor Cubitus inter-
ruptus (Ci). In vertebrates there are three Ci homo-
logues, Gli1, Gli2 and Gli3, and the newly identified
reg-ulators of Ci are likely to have important roles in
the regulation of these vertebrate homologues by Sonic
Hedgehog (Shh) signaling.
In the imaginal discs of Drosophila, the secreted
morphogen Hh is expressed in posterior compartment
cells and crosses the anterior/posterior (A/P) com-
partment boundary where it encounters Hh responsive
anterior cells. In anterior cells that receive modest
levels of Hh, Ci is stabilized in its full-length form, Ci155.
Away from the A/P boundary Ci is cleaved into a smaller
form, Ci75, that represses some Hh target genes,
including dpp [2] and hh [3]. This proteolysis requires
the presence of the kinesin-like protein, Costal-2 (Cos2)
[4,5], and the F-box/WD40 repeat protein Slimb [6], as
well as phosphorylation of Ci by protein kinase A
(PKA). Ci contains a cluster of three PKA phosphory-
lation sites carboxy-terminal to the cleavage site.
When these PKA sites are mutated, Ci is no longer
cleaved, showing that PKA acts directly on Ci to target
it for proteolysis [7–9].
Two recent papers [10,11] have shown that phos-
phorylation of Ci by Sgg/GSK3 (Shaggy [Sgg] is the
Drosophila Glycogen Synthase Kinase 3 [GSK3] homo-
logue) and Casein Kinase 1 (CK1) is also required for Ci
proteolysis. The two groups discovered these addi-
tional phosphorylation sites by pursuing two comple-
mentary lines of inquiry. Price and Kalderon [10] studied
in vitro phosphorylation of a fragment of Ci containing
the previously identified cluster of PKA sites and then
extended these results with a genetic characterization
of the regulation. Jia et al. [11] found that Ci protein
levels were elevated in sgg mutant clones and went on
to identify the biochemical events required for this reg-
ulation. Both studies show that Ci is phosphorylated by
Sgg/GSK3 and that this phosphorylation is dependent
on PKA phosphorylation of nearby residues. In addi-
tion, Price and Kalderon [10] identified adjacent CK1
sites that also require a priming phosphorylation by
PKA (Figure 1).
Key results include mutating Sgg/GSK3 or CK1
phosphorylation sites in Ci and showing that proteoly-
sis is inhibited and showing that sgg mutant clones
lack the activity of the cleaved Ci75 repressor. And
overexpression of double-time, a Drosophila CK1
homolog, can reduce Ci155 levels. Therefore, all three
kinases, PKA, Sgg/GSK3 and CK1 are needed for Ci
proteolysis. The extent of phosphorylation needed to
target Ci for proteolysis, however, is not yet known.
Previous studies in tissue culture indicated that each
of the three PKA sites contributed to regulation of pro-
teolysis [9]. However, mutating a PKA site also inhibits
neighboring Sgg/GSK3 and CK1 phosphorylation
thereby eliminating a cluster of phosphates.
Jia et al. [11] examined the roles of the Sgg/GSK3
sites in the individual clusters (see Figure 1). Mutating
the GSK3 sites adjacent to either PKA site 2 or 3 par-
tially inhibited Ci proteolysis, suggesting that efficient
Ci proteolysis requires phosphorylation at both sites.
Together these data suggest that each phosphoryla-
tion site contributes to proteolysis of Ci and that it is
this highly phosphorylated region that targets Ci for
proteolysis, most likely through interaction with Slimb.
Blocking Ci proteolytic processing is not sufficient
to give the highest level of Hh target gene transactiva-
tion. Ci protein mutant for the Sgg/GSK3, CK1 or PKA
sites can still respond to Hh signaling and mediate
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Figure 1. Conserved phosphorylation sites.
A schematic of Ci with amino acid sequence alignment of Ci
and the Gli proteins. Light grey box, Zn-finger domain; dark
grey box, cleavage region; and black box, CBP-binding
domain. Ci is phosphorylated by PKA at conserved sites,
2(R/K)-X-(S/T) (red). Phosphorylation at these sites allows
Sgg/GSK3 and CK1 to phosphorylate at their consensus sites
(S/T)-X-X-X-(S(P)/T(P)) (green) and (S(P)/T(P))-X-X-(S/T) (purple)
respectively. This leads to a highly phosphorylated region
within Ci, which is carboxy-terminal to the cleavage site. Loca-
tion of PKA phosphorylation (yellow) and Sgg/GSK and CK1
phosphorylation (orange) specifically studied in [10,11] are
located above the Ci sequence. Modified from [10].
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higher levels of reporter gene expression [10]. This is
consistent with previous work showing that Hh 
regulates aspects of Ci function beyond its proteo-
lytic processing. In particular, Ci nuclear import is Hh
dependent but does not require PKA phosphorylation
[12]. Suppressor of fused [Su(fu)], which is associated
with Ci in a complex [13,14], is involved in sequester-
ing Ci in the cytoplasm [5,15]. sgg; Su(fu) double
mutants have an enhanced mutant phenotype [11]
suggesting that regulation of Ci cleavage and nuclear
import are distinct.
One note of caution, however, arises from the com-
parison of PKA, smo mutant clones with sgg, PKA,
smo mutant clones. Price and Kalderon [10] showed
that the Sgg/GSK3 kinase is likely to have at least one
additional target in the Hh signal transduction cascade.
This points to the complexity of the pathway and the
need to complement genetic experiments with bio-
chemical studies.
The triple cluster of PKA, Sgg/GSK3, and CK1 sites
have all been conserved between Ci and the verte-
brate Gli2 and Gli3 proteins. As with Ci, proteolytic
processing of Gli3 is regulated by Shh signaling [16].
Therefore, it seems likely that this same constellation
of kinases regulates cleavage of Gli3. Whether there is
a role for proteolytic processing of Gli2 is less clear.
Smaller fragments of Gli2 have been found in certain
contexts, but as of yet, there is no evidence for regu-
lation by Shh [17]. Gli1 does not appear to be prote-
olytically processed, and while it is missing the third
cluster of kinase sites, the first two are intact. The
conservation of these kinase sites in Gli1 and Gli2 may
suggest that they have other functions in addition to
regulating proteolytic processing.
Sgg/GSK3 and CK1 have been previously shown to
be components of the Wingless/Wnt signaling pathway.
With the demonstration that they also act in the Hh
pathway, it is of interest to understand how these
pathways remain distinct and whether there is cross
talk in certain contexts. In particular, recent work has
shown that CK1 phosphorylation of β-catenin primes
subsequent phosphorylation by Sgg/GSK3 [18] leading
to β-catenin degradation by the proteasome. Thus, the
parallels between Wg and Hh regulation of proteolysis
are quite remarkable.
The present work significantly advances our under-
standing of Ci regulation and points to the extensive
conservation of the Hh pathway. It also highlights the
complexity of this pathway. How does Hh signaling
block Ci proteolytic processing? Hh could inhibit any
one of these three kinases; alternatively the Hh signal
could be acting through a phosphatase (Figure 2). The
answers await further studies.
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Figure 2. Model of consecutive phosphorylation.
Ci is first phosphorylated by PKA, which allows Sgg/GSK3 and
CK1 to phosphorylate neighboring residues. It is likely that
there are also phosphatases that dephosphorylate Ci. Hh sig-
naling could regulate either of these processes. Slimb, a com-
ponent of an E3 ubiquitin ligase, and the proteasome are then
needed to process Ci155 into Ci75, though ubiquitination of Ci
has yet to be demonstrated.
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